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Objectives: To assess the proﬁle of weight-bearing cartilage of hips with a cam deformity using T1r
magnetic resonance imaging (MRI) and evaluate for a side-to-side difference in the T1r proﬁle of patients
with bilateral cam morphology but only unilateral hip pain.
Methods: 19 patients with bilateral cam morphology undergoing osteochondroplasty for unilateral hip
pain were prospectively recruited. Anterior and anterosuperior alpha angles were measured using
computer tomography. All patients underwent bilateral 1.5T T1r MRI. The cartilage bilayer of the hip
joint was evaluated and the mean T1r relaxation time calculated for each quadrant of the weight-bearing
surface.
Results: Mean T1r relaxation times were not signiﬁcantly different when each quadrant was compared
to the rest of the weight-bearing surface of the symptomatic (P ¼ 0.068) and asymptomatic hips
(P ¼ 0.102). There was also no signiﬁcant side-to-side difference between the same quadrants of
symptomatic and asymptomatic hips. No correlation was detected between alpha angle and the mean
T1r relaxation time in each quadrant. There was no signiﬁcant difference in mean alpha angles between
the symptomatic and asymptomatic sides at the anterior (54.2 vs 56.0; P ¼ 0.382) and anterosuperior
positions (65.1 vs 65.2; P ¼ 0.971).
Conclusion: We conclude that previously observed regional variation in T1r values of normal hips is
altered in hips with cam morphology. No difference in T1r values between symptomatic and asymp-
tomatic cam hips was demonstrated. Therefore, regardless of the presence of hip pain, a cam deformity
may predispose to hip joint cartilage degradation and increase the risk of hip osteoarthritis.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Cam-type femoroacetabular impingement (FAI) is implicated as
a mechanism in the premature development of osteoarthritis (OA)
of the hip joint1. Cam-type FAI refers to a decreased femoral head-
neck offset and subsequent abutment into the acetabular rim
during terminal hip motion resulting in cartilage shearing2,3. It is
proposed that repetitive injury by an aspherical femoral head leads: P.E. Beaule, Division of Or-
a Hospital, General Campus,
L6, Canada. Tel: 1-613-737-
(W.S. McGufﬁn), gmelkus@
ospital.on.ca (K.S. Rakhra),
ternational. Published by Elsevier Lto the eventual development of osteoarthritis through cartilage
damage4, especially in the anterolateral region of the weight-
bearing surface5e7. In the diagnostic workup of young patients
with hip pain in the context of cam-type FAI, advanced imaging
techniques are necessary to facilitate surgical decision-making
early in the osteoarthritis disease process and maximize potential
beneﬁt.
Traditional magnetic resonance imaging (MRI) and MR
arthrography can display macroscopic cartilage damage or labral
pathology, but are of limited use in detecting early degenerative
changes8,9. Advanced MRI techniques are being employed to detect
biochemical changes in the cartilage extracellular matrix before
macroscopic damage occurs10. T2 and T2* mapping provide infor-
mation about the collagen content and structure of the extracel-
lular matrix, but the signal may be sensitive to orientation and the
degree of loading on the cartilage11. Proteoglycan (PG) loss from thetd. All rights reserved.
Fig. 1. Radial image with reference lines at 15 intervals. Clock face nomenclature with
12:00 representing the superior aspect of the femoral head-neck junction.
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of the earliest changes in the pathway of OA12. Delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC) indirectly measures the PG
content of cartilage and is a commonly employed modality of
assessing cartilage composition. However, it requires an intrave-
nous administration of a contrast agent10. T1r (rho) MRI is a
noninvasive quantitative imaging technique that has been
demonstrated previously to evaluate the cartilage extracellular
matrix through its correlation with PG content of hyaline
cartilage13e15. T1r relaxation time relies on a complex interaction
between the PGmolecules and water molecules in the extracellular
matrix16.
Two recent publications have shown the usefulness of T1r MRI
in identifying differences in the hip joint cartilage of patients with
normal hips and patients with FAI17,18. In healthy volunteers with
morphologically normal hips, our group has demonstrated that the
anterolateral quadrant of the weight-bearing surface exhibits a
signiﬁcantly lower T1r relaxation time than the rest of the hip joint.
This suggests that the PG concentration is higher in this quadrant in
normal hips19.
The purpose of this study is to quantify the T1r proﬁle of the
entire weight-bearing cartilage in hips with cam morphology and
compare the T1r proﬁle of symptomatic and asymptomatic hips
with cam deformities in a cohort of patients with unilateral hip
pain in the context of bilateral cam-type femoral morphology. We
hypothesize that symptomatic hips will exhibit prolonged T1r
relaxation times suggestive of more advanced cartilage
degradation.
Methods
Subjects
The research ethics board at our institution approved this study
and all participants provided informed consent prior to enrollment.
19 patients (17 male & 2 female; mean age 37.1 years (range
22e49)) undergoing surgical osteochondroplasty for symptomatic
cam-type FAI were recruited and enrolled prospectively and de-
mographic information recorded. Patients were included if they
had a unilateral painful hip with radiographic evidence of a cam
deformity at the femoral headeneck junction in both hips. As part
of a larger study protocol, patients underwent computer tomog-
raphy of both hips and a musculoskeletal radiologist (KSR)
measured the alpha angle at the anterior (3:00) and anterosuperior
(1:30) positions. The clock face descriptions refer to positions on an
oblique sagittal cross sectional slice through the femoral heade-
neck junction where 12:00 is superior and 3:00 is anterior (Fig. 1).
Patients were included in the study if either their 3:00 or 1:30
alpha angles were greater than or equal to 50.5 and 60.0, respec-
tively, reﬂecting previously published radiologic cutoffs20e22.
Additional inclusion criteria were age less than 50 years, lack of
prior hip surgery, and absence of radiographic OA and post-
traumatic morphology.
Imaging
Prior to surgery, all subjects underwent a T1r MRI of their
unilateral symptomatic hip performed on a 1.5 Tesla (T) MRI
scanner (Magnetom Symphony; Siemens Medical Solutions,
Erlangen, Germany). Subjects then underwent a second 1.5 T T1r
MRI of the contralateral, asymptomatic hip an average of 96 days
after the ﬁrst MRI. All MRI examinations were performed using the
MR scanner body coil for radiofrequency transmission and a ﬂex-
ible, four-channel surface coil wrapped around the hip for signal
reception. Subjects were positioned supine with the leg ﬁxed inneutral rotation. For each hip, T1r weighted images were acquired
along an oblique sagittal plane (relative to the acetabular fossa)
using a spin-lock preparation module combined with a standard
turbo spin echo (TSE) acquisition scheme with the following pa-
rameters: ﬁeld of view (FOV) 180 mm  180 mm2, 22 slices, slice
thickness 3 mm, 384  384 matrix yielding an in-plane resolution
of 0.46  0.46 mm2, TR/TE ¼ 274/13 ms, bandwidth 130 Hz/pixel,
number of averages ¼ 1, spin-lock amplitude (B1) 400 Hz; variable
times of spin locking (TSL) of 12, 18, 25, 35 and 45 ms; with a total
scan time of 21 min. A TSE intermediate weighted (IW) sequence
for anatomic depiction of the hip joint with matched plane, FOV,
slice thickness, matrix and resolution was also performed, with
parameters TR/TE ¼ 3090/24 ms, number of averages ¼ 2, band-
width 100 Hz/pixel and echo train length 7.Image analysis
Images were transferred to a workstation for off-line, manual
segmentation of articular cartilage and quantiﬁcation of T1r
relaxation times using custom programs written in MATLAB
(MathWorks Inc.; Natick, USA). One trained observer (WSM) per-
formed the segmentation analysis. Six of the nineteen subjects
were randomly selected for repeat independent analysis by a
musculolskeletal imaging scientist (GM) to assess for inter-
observer variability. An oblique coronal localizer sequence was
used to establish the transverse coverage of the hip joint that
included the superior weight-bearing surface. Seven sagittal slices
weremapped, starting from the lateral rim of the acetabular sourcil
and progressing medially (Fig. 2). The region of interest (ROI) for
mapping included the entire visualized bilayer of hyaline cartilage
of both the acetabular roof and femoral head, segmented on
contiguous slices. The matched, anatomic IW image was used to
ensure that the labrum and subchondral compact bone were
excluded from the ROI. A T1r map for each slice was calculated by
ﬁtting the T1r weighted images, on a pixel-by-pixel basis, to a
mono-exponential function using a LevenbergeMarquardt ﬁtting
algorithm using a previously published technique19. Four 45-
degree sector ROIs (anterior (zone 1), anterior-superior (zone 2),
posterior-superior (zone 3) and posterior (zone 4)) were deﬁned
(Fig. 3) using a vertical line parallel to the longitudinal axis (B0)
Fig. 2. Coronal schematic diagram of seven sagittal slices.
Fig. 4. Axial schematic of weight-bearing surface divided into quadrants. Anterolateral
e zones 1&2, slices 1e3 (diagonal lines); anteromedial e zones 1&2, slices 4e7
(crosshatch); posterolateral e zones 3&4, slices 1e3 (points); posteromedial e zones
3&4, slices 4e7 (waves).
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reference to subdivide the four zones. In each hip, T1r relaxation
times were calculated for each of the four zones within every slice.
Selected individual zones and slices were combined to generate
four quadrants within the weight-bearing surface to be analyzed
and compared: anterolateral (zones 1 & 2; slices 1e3), ante-
romedial (zones 1 & 2; slices 4e7), posterolateral (zones 3 & 4;
slices 1e3) and posteromedial (zones 3 & 4; slices 4e7) (Fig. 4). To
eliminate the effect of cartilage thickness or anatomic size on re-
sults, T1r relaxation times from each quadrant were combined
based on the number of pixels within that quadrant. Each quadrant
consisted of two zones and either three or four slices. Combination
was done according to the following equation where ‘S’ represents
the number of slices, ‘Z’ the number of zones (Z ¼ 2), T1rsz is the
mean T1r value in slice s, zone z and ‘nsz’ is the number of pixels in
slice s, zone z:Fig. 3. Four zones imposed on anatomic sequence with T1r map overlay.T1rquadrant ¼
Ps
s¼1
Pz
z¼1 T1rsz$nszPs
s¼1
Pz
z¼1 nsz
A mean T1r relaxation time for the cartilage bilayer was then
calculated for each quadrant in the symptomatic and asymptomatic
hips respectively. To control for inter-patient normal variability, a
ratio comparison analysis was performed. As the majority of
cartilage damage occurs in the anterolateral region of the hip joint,
the mean T1r relaxation time of the anterolateral quadrant was
divided by the combined mean value of the remaining three rela-
tively unaffected quadrants (anteromedial, posteromedial and
posterolateral) to generate an “anterolateral quadrant ratio” (AQR)
of each hip in both the symptomatic and asymptomatic cohorts.
Statistical analysis
Student's t-test was used to compare the mean alpha angles in
the symptomatic and asymptomatic hip groups. A mixed model for
statistical analysis was used to compare between quadrants within
each hip. A paired t-test was used to compare corresponding
quadrants between the symptomatic and asymptomatic hips aswell
as to compare the AQR between both groups. A histogram plot was
used to verify normal distribution of the data. Pearson correlation
coefﬁcients were used to determine correlation between the alpha
angle and the mean T1r relaxation time of various regions. The
correlation was deﬁned as weak when the correlation coefﬁcient
was between 0.2 and 0.4, moderate between 0.4 and 0.6, strong
between 0.6 and 0.8 and very strong above 0.8. Interobserver reli-
ability was evaluated by calculating a coefﬁcient of variation for
each of the six subjects chosen to undergo repeat independent
segmentation analysis by a second observer. All statistical analyses
were performed with the SAS software package (version 9.2; SAS,
SAS Inc; Cary, NC.), with statistical signiﬁcance deﬁned as P < 0.05.
Results
Intraoperative ﬁndings conﬁrmed the presence of cartilage
damage in the anterolateral region of the weight-bearing surface of
Table I
Mean alpha angles (in degrees) of symptomatic and asymptomatic hips
Anterior (3:00) Anterosuperior (1:30)
Symptomatic hips (n ¼ 19) 54.2 (41.9e74.1) 65.1 (51.2e78.6)
Asymptomatic hips (n ¼ 19) 56.0 (47.7e70.0) 65.2 (51.2e76.3)
P value 0.382 0.971
Table III
Anterolateral quadrant ratio (standard deviation in parentheses)
Anterolateral quadrant ratio
Symptomatic hips (n ¼ 19) 0.967 (0.085)
Asymptomatic hips (n ¼ 19) 0.936 (0.145)
P value 0.368
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alpha angles in the symptomatic and asymptomatic hips as shown
in Table I.
The mean T1r relaxation time for each quadrant is shown in
Table II. There was no signiﬁcant difference in relaxation time be-
tween the four quadrants in both symptomatic and asymptomatic
hips. There was also no signiﬁcant difference between the same
quadrant in symptomatic and asymptomatic hips.
The average AQR of the 19 symptomatic hips was 0.967 and the
average AQR of the 19 asymptomatic hips was 0.936, and there was
no statistically signiﬁcant difference between these values
(P ¼ 0.368) (Table III).
Out of the 19 asymptomatic hips, four had an AQR that wasmore
than one standard deviation below the mean AQR of the symp-
tomatic hips. The mean AQR of these four asymptomatic hips was
0.747.
Pearson coefﬁcients were calculated for the anterior (3:00) and
anterosuperior (1:30) alpha angles to evaluate for correlation be-
tween alpha angle and the mean T1r relaxation time of each
quadrant for both symptomatic and asymptomatic hips (Table IV).
No statistically signiﬁcant correlation was detected between the
severity of the cam deformity and the mean T1r relaxation time.
Lastly, segmentation analysis was highly reproducible with a low
interobserver coefﬁcient of variation (CV, range 3.9e5.4%) for in-
dependent repeat analysis by a second observer.Discussion
The goals of surgical intervention in patients with FAI are to
relieve pain, improve function and potentially delay or prevent the
development of hip OA. Surgical osteochondroplasty to recreate the
femoral head-neck offset has been shown to have promising clin-
ical results23,24. Appropriate timing of a surgical intervention is
unknown25, but advanced cartilage disease has been shown to be a
poor prognostic factor when selecting patients to undergo joint-
preserving hip surgery26. Plain radiography of the hip is poor at
detecting the early phases of OA, so techniques to identify early
cartilage changes before gross damage occurs are necessary to
optimize the timing of surgical treatment and maximize the po-
tential for positive surgical outcomes. Use of MR-based biochemical
cartilage mapping techniques (T2, T2*, dGEMRIC and T1r MRI)
represent promising advances in detecting early cartilage
damage10.
From previous work done by our group, asymptomatic volun-
teers with normal hip joint morphology displayed a signiﬁcantly
lowermean T1r relaxation time in the anterolateral quadrant of the
hip joint weight bearing surface when compared to the remaining
quadrants (28.6 ms (anterolateral) vs 31.8 ms (anteromedial),Table II
Mean T1r relaxation time (ms) for all subjects when ROI divided into four quadrants (95
Anterolateral Anteromedial
Symptomatic hips (n ¼ 19) 31.7 (29.6e34.0) 34.0 (31.5e35.9
Asymptomatic hips (n ¼ 19) 29.1 (26.2e31.9) 32.0 (29.1e34.8
P value 0.089 0.24431.7 ms (posterolateral) and 32.2 ms (posteromedial); P < 0.001)19.
The present study demonstrates that both symptomatic and
asymptomatic subjects with a cam deformity display a loss of this
statistically signiﬁcant topographical variation in the T1r relaxation
time across the weight-bearing hyaline cartilage. Speciﬁcally, the
anterolateral quadrant does not exhibit a lower T1r relaxation
value compared to the other quadrants, suggesting that cam hips
experience cartilage degeneration in this region which may be
associated with relative loss of PG content. A localized loss of PG is
expected, given the earliest chondral and labral damage has been
found to occur in the anterolateral region the joint, in the region of
known impingement in cam FAI5e7. This was corroborated by
intraoperative ﬁndings in the symptomatic cohort. Recent biome-
chanical investigations have also demonstrated the consequences
of cam morphology on the anterolateral region of the hip joint.
Kapron et al. reported that radiographically observed impingement
contact points correlated with areas of anterolateral labral and
chondral damage visualized during surgery27. Similarly, Ng et al.
employed computer modeling to illustrate that the anterolateral
region experienced the highest degree of shear stress during range
of motion28.
To our knowledge, this is the ﬁrst study to compare quantitative
metrics in both symptomatic and asymptomatic hips in patients
with bilateral cam morphology. dGEMRIC has also been used to
demonstrate lower PG content in asymptomatic cam hips when
compared to normal controls (654 ms (cam) vs 755 ms (control);
P ¼ 0.024)29. Mamisch et al. employed dGEMRIC to show similar
ﬁndings of decreased PG content in painful hips with a cam
deformity when compared to normal controls (488.1 ms (cam) vs
643.3 ms (control); P < 0.00001). They further subdivided the
weight-bearing surface into central and peripheral regions and
demonstratedmore advanced cartilage damage in the anterolateral
region of cam hips30. More recently, similar results have been re-
ported using T1r MRI to map hip cartilage of cam FAI patients.
Work by Subburaj et al. reported signiﬁcantly higher T1r relaxation
times in a central strip of hip joint cartilage in patients with
symptomatic cam FAI as compared to normal controls (38.8 ms
(cam) vs 35.5 ms (control); P ¼ 0.0133)18. A pilot study carried out
by our group used T1r MRI to demonstrate similar ﬁndings of
decreased PG content in the deepest layer of hip cartilage of pa-
tients with symptomatic cam FAI (35.36 ms (cam) vs 29.23 ms
(control); P ¼ 0.028)17.
Using T1r MRI, the present study shows that hips with a cam
deformity demonstrate equivalent degrees of cartilage degenera-
tion independent of symptom status. Despite this, four of nineteen
asymptomatic hips had an AQR that was considerably lower than
that of the symptomatic hips. This suggests that a spectrum of the
degree of cartilage damage exists in the population of patients with% CI in parentheses)
Posterolateral Posteromedial P value
) 31.9 (30.1e34.5) 32.9 (30.8e35.2) 0.068
) 30.7 (27.8e33.5) 31.5 (28.7e34.4) 0.102
0.454 0.398
Table IV
Pearson correlation between alpha angle and T1rho relaxation time, subdivided by quadrant
Anterolateral Anteromedial Posterolateral Posteromedial
Symptomatic 3:00 0.076
P ¼ 0.758
0.200
P ¼ 0.411
0.238
P ¼ 0.327
0.056
P ¼ 0.819
1:30 0.171
P ¼ 0.485
0.165
P ¼ 0.499
0.089
P ¼ 0.718
0.003
P ¼ 0.989
Asymptomatic 3:00 0.120
P ¼ 0.623
0.315
P ¼ 0.189
0.307
P ¼ 0.200
0.424
P ¼ 0.070
1:30 0.167
P ¼ 0.493
0.036
P ¼ 0.883
0.319
P ¼ 0.183
0.173
P ¼ 0.479
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that asymptomatic patients with cam morphology have a relative
risk of 4.3 of developing hip pain over patients with morphologi-
cally normal hips31. Our study suggests that even prior to the onset
of hip pain, cartilage degeneration is underway in patients with
cam-type hips. Deﬁning what represents a normal T1r signal re-
mains a challenge due to the morphological variability of the
cartilage thickness. Lattanzi et al. described a standardized map-
ping technique for analysis of dGEMRICmeasurements to minimize
inter- and intra-patient variability32. Additional work to develop a
similar standardized scoring method is required to establish T1r
mapping as a clinically useful tool.
An advantage of this study is the use of subjects with unilateral
hip pain in the context of bilateral cam morphology. This cohort
employs an internal reference to compare symptomatic cam hips to
asymptomatic cam hips. The patient cohort had morphologically
similar hips with no statistically signiﬁcant difference between
alpha angles of both sides. This study did not demonstrate a sig-
niﬁcant difference in T1r relaxation time between symptomatic
and asymptomatic hips. It is known that many adults with cam-
type FAI are asymptomatic33,34, so a causal link between cam
morphology, hip pain and subsequent development of hip arthritis
has yet to be ﬁrmly established. Previously, Beaule et al. reported
that an alpha angle greater than 65 was predictive of more
advanced cartilage damage7, but the present study did not
demonstrate a statistically signiﬁcant correlation between the
severity of the cam deformity and the PG content of each quadrant.
A potential limitation to this study is the small sample size of
only 19 patients, however this is one of the largest cohorts that have
been evaluated in the literature with T1r MRI of the hip. The
relatively small sample size is mitigated by the fact that each sub-
ject served as his or her own internal reference. While not statis-
tically signiﬁcant, the difference in anterolateral quadrant T1r
relaxation time between the symptomatic and asymptomatic hips
displays a trend toward signiﬁcance that may have been estab-
lished with a larger cohort (31.7 (symptomatic) vs 29.1 (asymp-
tomatic); P ¼ 0.089). Additionally, the current study protocol did
not allow for differentiation between acetabular and femoral
cartilage, and previous work has proposed that analysis of cartilage
as a bilayer may not be as efﬁcacious as examining separate femoral
and acetabular regions of interest18. Thus, it is unknown what the
contribution of each surface cartilage was to the T1r relaxation
values and the signiﬁcant differences identiﬁed. Our protocol for
MRI acquisition employed a slice thickness of 3 mmwhere thinner
slices may have reduced volume averaging of cartilage with syno-
vial ﬂuid and subchondral bone related to the curvature of the
articular surface. Similarly, a higher matrix with smaller pixels
would have provided greater resolution, reducing any partial vol-
ume averaging effects. Future studies of a similar nature could be
carried out using equipment with higher ﬁeld strength to improve
image resolution and increase the signal to noise ratio.
In conclusion, previously observed variability of T1r signal
across the four quadrants in morphologically normal hips19 isaltered in hips with cam deformity. Additionally, the presence of
hip pain symptoms was not associated with a higher T1r relaxation
time as was initially hypothesized. We conclude that the presence
of a cam deformity, regardless of symptoms, is suggestive of early,
pre-clinical cartilage degradation and thus patients with asymp-
tomatic cammorphology may be at increased risk for development
of hip osteoarthritis.
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